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The distal nephron is a very heterogeneous segment comprising
at least three distinct tubules in the rabbit: the distal convoluted
tubule (DCT-b), the connecting tubule (DCT-g + CCT-g) and the
collecting tubule (CCT-I) [1]. This latter segment is itself hetero-
geneous and can be divided into the cortical, outer medullary and
inner medullary collecting ducts. The cortical collecting duct is
morphologically distinct from the connecting tubule and both
segments can be distinguished by high resolution light microscopy.
Preparation of collecting tubules requires sophisticated tech-
niques, special material (monoclonal antibodies) or equipment
for microdissection [2] and are time consuming. However, this last
technique does not isolate other segments of the distal tubule. In
contrast, a number of investigators have used combinations of
collagenase and collagenase + trypsin followed with separation on
Percoll gradients to separate different distal segments from a
number of species [3—5]. Bacskai and Friedman used antibodies
against the Tamm-Horsfall glycoprotein to prepare mouse distal
convoluted + thick ascending limb tubules [6]. In addition,
monoclonal antibodies directed against proteins from the collect-
ing tubule often recognize the connecting tubule, thus always
immunodissecting both segments together [7, 8].
Thus in recent years, considerable efforts were drawn to isolate
large quantities of enriched distal tubules segments with more or
less success. The present study describes a technique to further
separate distal tubules obtained on a Percoll gradient into con-
necting and significantly enriched collecting tubules by a combi-
nation of Percoll and Ficoll gradients. This method is unique as it
combines two techniques to separate enriched distal segments
more than any individual preparation.
Methods
Animals
All experiments were performed with New Zealand white
rabbits weighing between 1.5 to 2 kg. The rabbits were maintained
on a commercial diet (Purina Chow) and had free access to water.
For each experiment, five rabbits were used. A total of 170 rabbits
were used to realize the entire study.
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Isolated kidney tubules preparation
After decapitation and bleeding of the rabbits, the kidneys were
removed and placed in a modified Krebs-Henseleit saline buffer
(KHS) (pH 7.4) previously gassed at 20°C with 95% 02/5% CO2
for 30 mm as previously described. Kidney cortexes were obtained
and cut into small pieces. A piece of cortex was homogenized by
10 strokes of a Potter and used subsequently as our total "cortex"
preparation as stated in the Figures. The remaining pieces were
washed extensively in KHS containing 0.5% bovine serum albu-
min (BSA), fatty acid free fraction V (Sigma) (KHSB) as previ-
ously described [3]. Collagenase digestion (1 mg/ml, Type V,
Sigma) was performed for 20 minutes at 37°C in a shaking water
bath (100 rpm). The total digest was washed with KHSB until the
supernatant of a low speed centrifugation was colorless. About
200 mg protein per kidney was recuperated at the end of this
digestion, which was thus about 2 g of protein per preparation.
Tubules were resuspended in 200 ml of a solution of 40%
Percoll prepared in KHS, distributed into 14 centrifugation tubes
(thus each tube contain about 150 mg of total proteins), and spun
down for 30 minutes at 27,500 g. Four bands were routinely
observed; the bottom of the top band and the second band were
recuperated and washed three times in KHSB buffer. This repre-
sented our "distal" segment preparation. The fourth band from
the top on the Percoll gradient was also recuperated, washed twice
with KHSB and twice with KHS before homogenization. As
reported by Vinay, Gougoux and Lemieux [9], this band is
enriched in proximal tubules. Aliquots of these distal and proxi-
mal preparations were kept at —80°C until assayed.
Separation on a Ficoll gradient
Ficoll (Pharmacia) discontinuous gradients were prepared with
stock solutions of 10 (1.03 g/ml), 15 (1.05 g/ml) and 25% Ficoll
(1.09 g/ml) in KHSB buffer. To ensure optimal separation of distal
tubule preparations, the distribution of Ficoll was adjusted at 8 ml
for the 25% fraction, 12 ml for the 15% fraction and 8 ml for the
10% fraction. The Ficoll gradients were prepared in 50 ml conical
plastic tubes (Falcon Plastiware).
"Distal" segment preparations from the Percoll gradient (5 to 6
mg protein per kidney or 50 to 60 mg per preparation) were
resuspended in 5 ml of KHSB and put on top of two Ficoll
gradients to ensure maximal separation. The gradients were spun
in an IEC Centra-8R centrifuge at 1200 g for 20 minutes at 5°C.
At the end of the centrifugation, three bands were observed and
a pellet. The top band consisted of isolated cells or short tubules
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that did not penetrate the gradient (10% Ficoll). The pellet was
composed of tubules with a large contamination by glomeruli and
was not used in this study. The two intermediate bands were
recovered: band B1 at the 10/15% interface, and at the 15/25%
interface, band B2. Tubules in these two bands were washed twice
in KHSB and twice in KHS alone. This entire procedure was
routinely performed in our laboratory and always gave similar
separations. The separation procedure was repeated at least 35
times to obtain the results presented in this paper.
Microscopic examination of the fractions
The proximal tubule band from the Percoll gradient, the Distal
fraction and the suspension of bands B1 and B2 obtained after the
Ficoll gradient were studied by direct microscopic inspection at
low magnification (bOX). Proximal tubules were identified by
their brush border membrane and the distal segments by the
absence of a brush border. Cell viability was assessed by the Evans
blue uptake. In brief, tubules were resuspended in Krebs-Hense-
leit buffer pH 7.4 and 0.5% Evans blue dye (final concentration)
was added to the tubule suspension. Cells were incubated five
minutes at 37°C with the dye before examination under the
microscope. Cells that take up the dye are viable, and more than
70% of the cells took up the dye (not shown).
Enzymatic analysis
Individual fractions (total cortex, proximal, distal, B1 and B2)
were tested for the presence of alkaline phosphatase by the
method of Kelly and Hamilton [10]; H- and K-ATPases were
determined as the Bafilomycin-sensitive (10—8 M) and the SCH-
28080-sensitive (10—6 M) ATP hydrolysis, respectively, measured
as the release of phosphate for each fraction by the method of
Post and Sen [111. Bafilomycin is a selective inhibitor of H-
ATPase as shown by Bowman, Siebers and Altendorf [121, and
SCH-28080 has been reported as a selective inhibitor of K-
ATPase in kidney tubules [131.
For proton ATPases, homogenates were incubated following
the procedure of Noel et al [141, and ouabain (1 mM) and
oligomycin (0.1 mM) were added to the incubation media to
inhibit the Na-KATPase and mitochondrial ATPase, respec-
tively. The activity is reported as the difference in phosphate
liberated in the presence and absence of either Bafilomycin or
SCH-28080.
Functional evaluation of kallikrein was measured as the amido-
lytic activity of the different preparations. The hydrolysis of
val-leu-arg-paranitroanilide into p-nitroanilide by these homoge-
nates as compared to purified hog kallikrein was determined at
405 nm following the technique of Mann-Grey and Schaechtelin
[15]. The samples were homogenized by sonication as described
above. Samples were incubated for two hours in the dark at 37°C
and the reaction stopped by the addition of 5% acetic acid (final).
Cyclic AMP synthesis
For each of these experiments, two regular preparations had to
be pooled. Tubules (B1 and B2) isolated from the Ficoll gradient
were washed twice in KHS buffer containing 0.5% BSA and once
in a mixture of one half and one half HAMF12/DMEM media
containing 0.5% BSA. The tubules were then resuspended in the
same media containing 0.5 mri 3-isobutyl-1-methylxanthine
(IBMX) and incubated at 37°C for 10 minutes in a shaking water
bath (100 rpm). After this preincubation period, the tubules were
separated into four groups of three tubes and incubated with
either human parathyroid hormone fragment 1,34 (PTH) at a final
concentration of 108 M, salmon calcitonin (sCT) at 108 M,
arginine vasopressin (AVP) at 106 M or vehicle. Thus, each
condition was run in triplicate for each individual experiment.
After an incubation of 10 minutes, the reaction was stopped by
3% (final concentration) perchloric acid. This procedure does not
interfere with the radioimmunoassay used for the determination
of cAMP (Diagnostic Products Corporation). Proteins were also
determined for each individual tubes for all conditions tested,
after neutralization in the presence of 1 N NaOH, by the method
of Lowry et al [16].
Detection of the Tamm-Horsfall protein
As reported by Bacskai and Friedman, the polyclonal goat
anti-human Tamm-Horsfall protein (Uromucoid) antibody can be
used to immuodissect mouse cortical thick ascending limb
(CTAL) [6]. We used this property to detect the presence of
CTAL in our tubule preparations by an in-house ELISA test with
this antibody. A standard curve (0.007 to 5 U/ml) was also
prepared in parallel to our samples with purified human Tamm-
Horsfall glycoprotein (99% pure) obtained from Biomedical
Technologies Inc (Stoughton, MA, USA). After blocking the
plates with 5% gelatin (BioRad) in a Carbonate buffer pH 9.5 for
two hours at 37°C, a polyclonal goat anti-uromucoid antibody
(Organon Teknika, Scarborough, Ontario, Canada) was added for
one hour at 37°C. This was followed by an incubation with a
second rabbit anti-goat antiserum conjugated to a peroxydase
(Organon Teknika). The presence of the Tamm-Horsfall antibody
was detected by the hydrolysis of the peroxydase substrate [2,2'-
Azino-di-(3-ethyl-benzthiozoline-6 sulfonate) (ABTS); Organon
Teknika]. Results were read against the constructed standard
curve, and are expressed in pg/mg protein.
Statistical analysis
Results are expressed as means SEM of N separate Ficoll
preparations. Duplicate or triplicate determinations were per-
formed for each individual assay performed. Statistical compari-
sons between fractions were done using Dunnett's analysis of
variance. For cAMP determinations, a two-tailed Student's t-test
was performed. A significance level of P < 0.05 was chosen.
Results and discussion
Two major bands were recovered from the Ficoll gradient: a
band termed B1 was recovered at the 10/15% interface and band
B2 at the 15/25% interface. On microscopic examination (magni-
fication of bOx), the preparation at the 10/15% interface con-
sisted mostly of straight, "cobblestone-like" tubules with some
tubules showing a granular aspect. Glomeruli were usually not
observed in this fraction. In contrast, band B2 consisted of
granular, convoluted tubules, sometimes attached to glomeruli. In
some cases, granular and light tubules were still connected in
these preparations (not shown). Cell viability, estimated for each
preparation by the uptake of Evans blue, showed that tubules
separated as proximal, distal or B1 and B2 indicated more than
70% of viable cells at the end of the separation (not shown).
Biochemical characterization
Proteins from the cortex of five rabbits amounted to 961.9
132.3 mg/kidney (mean SEM of 4 preparations). After the
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Fig. 1. Alkaline phosphatase activity of total cortez and isolated tubule
homogenates. Tubules or a piece of the cortex were homogenized and
duplicate aliquots were incubated in the presence of 5 mi p-nitrophe-
nylphosphate at 37°C for 15 minutes. The reaction was stopped by the
addition of NaOH and p-nitrophenol was evaluated at 410 nm. Values are
expressed as the mean SEM of 7 to 14 individual experiments with
samples run in duplicate for each preparations. < 0.001 vs. Prox, * *
<0.001 between tubules in bands B1 and B2.
collagenase digestion and washing procedures, the low speed
pellet from the total digest represented about 20% of total initial
proteins. Following the Percoll and Ficoll gradients, protein
recuperation in homogenates of bands B1, B2 and proximal
tubules was 0.92 0.38, 4.01 0.41 and 154.9 11.6 mg/kidney
(mean SEM from four preparations), which represents 0.5, 2.1
and 80.5% of the protein digest, respectively. Total protein
recuperation in bands B1 + B2 (4 to 5 mg total) represented about
80 to 90% of total distal tubule preparations recuperated from the
Percoll gradient.
Tubules in bands B1 and B2 had very low alkaline phosphatase
activity compared to total cortex and proximal tubules (Fig. 1).
Moreover, this activity was about twofold lower in B1 than B2
which resulted in a significant difference between these prepara-
tions (P < 0.001), which were both significantly different (P <
0.05) than the original distal fraction (Fig. 1). Brunette, Chan and
Lebrun [17] previously showed that this enzyme activity was
virtually absent from the distal segment. The loss of alkaline
phosphatase in bands B1 and B2 as compared to the distal
homogenates might be explained by the elimination of scattered
proximal cells, expressing high alkaline phosphatase, which did
not penetrate the first Ficoll layer. Thus, this indicates that both
preparations were almost devoid of this contaminant, and further
indicates that the tubules were enriched as compared to the
original preparation.
Tubules in bands B1 and B2 also showed different patterns for
cyclic AMP formation in response to hormonal treatments, and
from the total distal tubule preparation. Cyclic AMP levels were
very similar for the controls in B1 and B2: 35.1 5.4 versus 46.4
7.7 pmol/mg protein/b mm, respectively. In contrast, whereas
B1 responded to AVP (10-fold increase), less to PTH (3.4-fold
increase) and not at all to sCT, cAMP synthesis was stimulated in
band B2 in response to PTH (6-fold increase), sCT (2-fold
Fig. 2. Cyclic AMP formation by tubules from bands B1 (E) and B2 (•).
Tubules were preincubated for 10 minutes at 37°C in HAMF12/DMEM
media containing 0.5% BSA and 0.5 m*t IBMX. Incubation of triplicate
tubule aliquots per condition started with the addition of hormones (PTH,
10_s sCT, 10—8 M; AVP, 10 M) or vehicle and continued for 10
minutes. Cyclic AMP was determined in duplicate for each tubule aliquots
by radioimmunoassay. Results are mean SEM of 3 to 7 separation
experiments. *p < 0.001 vs. respective control; **p < 0.01 vs. control from
B2.
increase) but not significantly to AVP (1.6-fold, Fig. 2). The
response to PTH, sCT and AVP suggests that tubules from B1 and
B2 are distinct functionally. The response of these tubules was also
different from the total distal tubule fraction recuperated from the
Percoll gradient, at least for PTH and sCT (AVP not tested).
Cyclic AMP formation in distal tubules was 181.3 47.1 and 47.4
8.3 pmol/mg protein/b minutes for PTH and sCT, respectively
(controls not significantly different than from B1 and B2). Thus the
response to PTH in B1 and B2 was significantly different from the
distal tubules (P < 0.05), whereas the response to sCT in distal
tubules was only different from B2 (P < 0.05) and not B1. Previous
reports from Chabardès et al [2] and Imbert et al [18] have
showed, by microdissection, that in the distal segment of the
rabbit nephron only the cortical collecting tubule responds to
AVP, whereas no response to PTH nor to calcitonin are observed
in this particular segment. In contrast, connecting tubules as well
as the CTAL of the rabbit are responsive to PTH [2].
Thus tubules in band B2 behaved as connecting tubules accord-
ing to this criteria. In contrast, the strong response to AVP in
tubules B1 suggests the predominance of collecting tubules in this
band. The small response to PTH in this band also suggests some
contamination by the terminal portion of the connecting tubule.
Likewise, the small response to AVP in B2 indicates a possible
small contamination of these tubules with collecting tubules,
although the terminal portion of the connecting tubule possess
intercalated cells, albeit less numerous than in the collecting
tubule, that could have responded to AVP, In fact, the ratio of
intercalated cells to connecting cells in the latter part of the rabbit
connecting tubule has been reported to be 4:5 [19] or 4:6 [20],
whereas the intercalated cells account for 37 to 39% of the cells in
the rabbit cortical collecting duct [21]. In addition the small
response to sCT measured in B2 might also indicate the presence
of remnants from the distal convoluted tubule which responds to
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Fig. 3. Proton adenosine triphosphatase activities in isolated tubules.
ATPase activities were measured in duplicate as described in the Methods.
The results are expressed as the difference between the values in the
absence and presence of the individual drug. Values are the mean SCM
of 7 to 9 individual preparations. p < 0.025 vs. Prox for Bafilomycin-
sensitive ATPase. C 0.01 by Duonett's analysis of variance for
SCH-28080-sensitive ATPase. Symbols are: (El) + Bafilomycin-sensitive
ATPase; (•) + SCH-28080-sensitive ATPase.
this hormone [2]. Thus our preparations compare favorably with
previous preparations which showed either lower or mixed hor-
monal responses [7, 8, 22, 23].
Functional evaluation
Different proton ATPases present along the nephron can
discriminate between different segments. Two ATPases, Bafilo-
mycin- and SCH 28080-sensitive H-ATPases, were tested in
homogenates of all our fractions. Bafilomycin-sensitive H-
ATPase, which is present along the entire length of the nephron
[24] was present in all segments. This activity was elevated and
similar in distal, B1 and B2; it was lower and similar in total cortex
and proximal tubules (Fig. 3). This activity in B1 and B2 was
actually about four- to fivefold higher than in these two fractions.
In contrast, when K-H-ATPase was measured, striking dif-
ferences were noted. This ATPase was lowest in total cortex and
proximal tubules, about one eighth of what was obtained in band
B2 (Fig. 3). In fact, tubules in B2 had the highest activity, followed
by the distal homogenate (not significantly different), and B1
which was almost 40% lower (P < 0.05; Fig. 3). Thus, in contrast
to Bafilomycin-sensitive H-ATPase, F-H-ATPase was signif-
icantly different between the two distal segments obtained on the
Ficoll gradient. Although not statistically different from the distal
homogenate, tubules in B2 did show consistently higher activities
in individual experiments.
A Bafilomycin-sensitive H-ATPase has been ascribed to the
entire length of the distal segment [25], although in varying
amounts, similar to an N-ethylmaleimide-sensitive H-ATPase
[24], whereas a KtHATPase has been located more precisely
in the connecting tubule [26]. Our results thus would indicate that
tubules in B2 are enriched in connecting tubules since they showed
the highest activity of K-H-ATPase (Fig. 3), whereas the
combined results for both ATPases strongly suggest that tubules
in B1 are of distal origin and probably more enriched in collecting
tubules compared to tubules in B2. Also, the total cortex and
70
-
60
5Q
e00) 40
E 30
20
10
0 ________
Cortex Prox
Fig. 4. Kallikrein activity of total cortex and isolated tubules. Tubules or a
piece of total cortex were homogenized, sonicated for 5 seconds and
aliquots were incubated in the presence of the synthetic substrate val-leu-
arg-paranitroanilide for 120 minutes at 37°C in the dark. The reaction was
stopped by the addition of acetic acid, and the released p-nitroanilide was
measured at 405 nm. The values are the mean SCM of 6 separate
preparations run in duplicate. *p C 0.02 vs. Cortex, **p < .005 vs. Distal,
and C .001 vs. Cortex and Prox.
proximal tubules homogenates showed lower Bafilomycin-sensi-
tive H-ATPase activity compared to the distal fraction.
The kallikrein activity was evaluated as the amidolytic activity of
the preparations [16]. This activity is located more specifically in
distal segments and can be used as a positive index of purification
for distal tubules with a predominant activity in connecting
tubules [27]. This activity was much higher in the distal homoge-
nate than in the total cortex and proximal preparations, where this
activity was sometimes barely detectable in this last fraction (Fig.
4). Moreover, the activity in the distal homogenate was slightly
lower than the activity observed for B2, which was the highest,
although it did not reach significance against the distal homoge-
nate. However, as for K-H-ATPase activity, the kallikrein
activity was consistently higher in individual preparations of B2
compared to distal homogenates. This discrepancy may be ex-
plained by the fact that tubules in B2 represent about 80% of total
distal tubules isolated on the Percoll gradient, and thus would
represent the bulk of these two activities measured in distal
tubules, which would make it difficult to discriminate between the
two preparations in considering experimental errors. In contrast,
tubules in band B1 had the lowest activity of the "distal" fractions.
In fact, tubules in B1 showed a more than twofold lower activity
compared to B2 (P < 0.025; Fig. 4).
Detection of the Tamm-Horsfall protein
We used the same polyclonal goat anti-human uromucoid
(Tamm-Horsfall antibody) as did Bacskai and Friedman [6] to
detect the presence of this protein by an in-house ELISA test.
Figure 5 depicts the results for three separate tubule preparations,
each run in triplicate, and shows the presence of the Tamm-
Horsfall antibody in the total cortex, which was only slightly
reduced in our proximal tubule homogenates. However, the
presence of the Tamm-Horsfall glycoprotein was reduced by
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Fig. 5. Detection of the Tamm-Horsfall antibody. Samples were homoge-
nized and aliquots were used in an in-house ELISA test. The hydrolysis of
the peroxydase substrate (ABTS) was followed at 450 nm. The values are
the mean SEM of three individual preparations run in triplicate. *p <
0.005 vs. Cortex.
about 45% in the distal fraction. This reduction was even more
striking in tubules from B1 (—80%, P < 0.005 vs. cortex and P <
0.001 vs. distal). In contrast, tubules in B2 had about the same
activity as the distal fraction (NS, Fig. 5), but were significantly
different from B1 (P < 0.01). This suggests that tubules in the
distal preparations represent a first step of purification in com-
parison to the total cortex homogenate, since the presence of this
CTAL-specific glycoprotein was reduced. Moreover, these results
also indicate that tubules in B1 were further enriched since they
were the most devoid in CTAL, which is most likely since B1 are
the lightest tubules obtained on the Ficoll gradient. However, the
strong response in the proximal tubule homogenates is peculiar.
Although Vinay et al [91 did report 95% enriched dog proximal
tubule preparations with their Percoll gradient separation, our
own rabbit proximal tubule preparations might contain also thick
ascending limbs, since we used a modified Krebs-Henseleit buffer
containing mannitol, and we also used a lower percentage of
Percoll in our gradients which might account for this discrepancy.
Thus, in the present paper we proposed a new technique to
separate and prepare large quantities of rabbit connecting and
significantly enriched cortical collecting tubules. Previous prepa-
rations on Percoll gradient had shown heterogeneous distal tubule
populations [3, 5, 9] because of a technical drawback observed
with Percoll gradient, namely that a wide variation in small
densities is obtained within a short length of the gradient. In
contrast, creating a discontinuous gradient of Ficoll extended the
length over which such densities could be prepared. Hence, this
further separated the distal tubule populations that could be
obtained individually, and we were able to enrich connecting
tubules and even more significantly enrich collecting tubules.
Acknowledgments
This work was funded by the Kidney Foundation of Canada (DL.) and
the Medical Research Council of Canada MT-11653 (R.L.H). We thank
M. Edward C. Kavalec from Schering Inc. for the generous gift of
SCH-28080 obtained through Schering Corporation, Bloomfield, New
Jersey, USA. We wish to thank Dr. K. Altendorf for the gift of Bafilomy-
cm. We are also indebted to Dr. Robert Sullivan for helpful criticism.
Richard L. Hébert is a scholar from the Medical Research Council of
Canada (M.R.C.).
Reprint requests to Daniel Lajeunesse, Ph.D., Centre de Recherche,
Hôpital Maisonneuve-Rosemont, 5415 boul. l'Assomption, Montréal, Qué-
bec, Canada, HiT 2M4.
Appendix. Abbreviations
AVP, arginine vasopressin; DCT-b, distal convoluted tubule; DCT-g +
CCT-g, connecting tubule; CCT-l, cortical collecting tubule; CCD, cortical
collecting duct; CTAL, cortical thick ascending limb; PTH, human para-
thyroid hormone fragment 1,34; sCT, salmon calcitonin; IBMX, 3-isobu-
tyl-1-methylxanthine; PCT, proximal convoluted tubule; cortex, total
cortex homogenate; distal, total distal tubule homogenates.
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